The use of chloride in the heap leaching of sulfide minerals requires the regeneration of the oxidants copper(II) and iron(III). While this is possible in a sulfate system by the use of bacterially catalysed oxidation of iron(II), this can only economically be achieved by chemical reaction with dissolved oxygen in chloride systems due to the sensitivity of bacteria to high concentrations of chloride ions.
Introduction
An alternative approach to the heap leaching of primary and secondary copper sulfide minerals involves the use of chloride ions as the lixiviant (Velásquez-Yévenes, Nicol, Miki, 2010) . The application of copper(II) as an oxidant and the facile oxidation of copper(I) ions in a chloride system by atmospheric oxygen offers an alternative to bio-oxidation of iron(II) in the sulfate system. In the chloride system, it is well-known that both copper(II) and iron(III) ions can act as the oxidants for these minerals.
However, regeneration of these species by oxidation with dissolved oxygen is required and this is possible in a sulfate system by the use of bacterially catalysed oxidation of iron(II). However, in the chloride system, re-oxidation of copper(I) and iron(II) ions can only economically be achieved by chemical reaction with dissolved oxygen.
The kinetics of the reduction of dissolved oxygen by iron(II) and copper(I) in acidic chloride solutions have been previously studied with the former being considerably slower than the latter (Nord, 1955; Nicol, 1983; Moffett and Zika, 1983; Awakura et al., 1986) . There is no general agreement on the reaction order with respect to copper(I) with some studies showing first and some second order depending on the concentration of copper(I) used and the presence of copper(II) ions. In addition, only one of these studies (Nicol, 1983) identified the retarding effect of copper(II) ions on the rate.
A previous paper (Miki and Nicol, 2008) focused on the kinetics of the coppercatalysed reaction of iron(II) with dissolved oxygen in acidic chloride solutions. It was shown that this reaction can be described in terms of the rapid equilibrium
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coupled to the relatively rapid auto-oxidation of copper(I),
Note that in these and subsequent equations, the use of the generic symbols Cu(I), Cu(II), Fe(II), and Fe(III) are used. This is necessary as each of these species comprises both the aquo-ions and the various chloro-complexes, the relative proportions of which will vary with the chloride ion concentration.
The inhibiting effect of iron(III) ions in terms of the above equilibrium was demonstrated and the effects of the copper(II) concentration, acidity and chloride ion concentration on the rate described. An overall kinetic model was developed which was reasonably consistent with the published data on the individual reactions involved in this mechanism. The application of the model to the prediction of maximum possible leach rates for copper sulfide minerals in aerated systems under ambient conditions was reported.
As part of this mechanism, a previously reported (Nicol, 1983) rate equation for the oxidation of copper(I) by dissolved oxygen in chloride solutions was used. In more recent work on the kinetics of this reaction, it was found that this rate equation is partially inadequate particularly in regard to the effect of copper(II) ions on the rate.
This report summarizes additional work as a result of which a slightly modified rate equation for the auto-oxidation of copper(I) is proposed and a more appropriate mechanism for the overall reaction is suggested.
Experimental
The kinetics of the oxidation of copper(I) by dissolved oxygen(DO) is too fast to be studied by the previously used technique of monitoring of the DO concentration using a DO probe given the relatively slow response of this system. In an alternative method, 
Results and Discussion
As shown in the previous paper (Miki and Nicol, 2008) , the concentration of copper(I) is small at potentials of about 0.60 V (SHE) which are typically achieved in a chloride heap leach process. From the thermodynamics of the system (Miki and Nicol, 2008) , it can be calculated that at a potential of about 0.60 V (SHE), the concentration of copper(I) is about 8 mM for a concentration of 2 gL -1 copper(II) and 18 gL -1 chloride which could be typical of a heap leach process. For this reason, this study was confined to the use of low concentrations of copper(I).
A typical plot of the current due to the oxidation of copper(I) during an experiment is shown in Figure 1 . The data is plotted in Figure 2 in terms of the integrated first
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i is the current at any time, t, i o is the initial current and i ∞ is the final current. It is apparent that the latter provides a better fit to the data and this was observed in all the runs. Thus, all the data was analysed in terms of the second order rate equation.
Although the second order plots showed good linearity for 60-70% oxidation of copper(I), there were consistent increases in the slopes of the plots at longer times.
Furthermore, several consecutive runs in the same aerated solution gave rise to increasing rates and greater deviations from second order. These effects are shown by the plots in Figure 3 for 8 successive runs in the same solution. This observation suggests that there is an accumulation of a reaction product which is also capable of oxidizing copper(I). This species was identified in a previous publication (Nicol, 1983) as being peroxide.
The observed second order rate constants were obtained for a number of experiments in which the initial concentrations of copper(II), chloride ions and acid were varied.
The rate decreases with increasing copper(II) concentration as shown by the data in Figure 4 for two chloride ion concentrations at constant acid concentration. The rate increased with increasing acid concentration at fixed copper(II) and total chloride ion concentrations as shown by the data in Figure 5 . In the case of the runs at acid concentrations above the total chloride concentration, sulfuric acid was added to increase the acid concentration assuming that only one proton is produced per mole of acid. These data show that the rate constant is proportional to the acid concentration.
The rate constant also decreases with increasing chloride concentration at constant acidity and initial copper(II) concentration as shown by the data in Figure 6 .
The mechanism previously used was that published (Nicol, 1983) as follows
Ignoring any chloride dependence, the rate equation, 
Cu(I) + Cu(II) = Cu 2 (10) in which copper(I) is oxidised in two parallel reactions, i.e. reactions (7) + (8) by oxygen and reaction (9) by peroxide. The inhibiting effect of copper(II) is ascribed to the formation (reaction 10) of a kinetically inert adduct between copper(I) and
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copper(II) ions in chloride solutions, for which there is evidence in the literature (McConnell and Davidson, 1950; Brown et al., 1979) . Reaction (9) is comparable in rate to reactions (7) + (8) and therefore peroxide accumulates in the solution giving rise to enhanced rates at long times and after successive runs in the same solution. The effect of complexing of copper(II) and, particularly, copper(I) by chloride ions has not been included in the above mechanism. This mechanism is more plausible given that adducts of dioxygen with copper(I) complexes are well known (Schindler, 2000) and also in that it avoids the formation of the very weakly oxidising superoxide (▪HO 2 ) intermediate.
Assuming that the equilibrium concentration of the intermediate (Cu.O 2 ) species is
low compared to the total copper(I) concentration, the following rate equation can be derived from this mechanism, The slightly different form of this equation from equation (6) above is apparent in the denominator and in the inclusion of a term for the rate of oxidation of copper(I) by the intermediate peroxide formed which has been found to be first order in both copper (I) and peroxide (Nicol, 1982) . The linear dependence of the rate constant on the acid concentration observed in Figure 5 is predicted from equation (13).
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
The effect of temperature is very small as shown by the data at 15°C in Figure 7 and Table 1 , presumably as a result of compensating but opposite effects of temperature on the rate and equilibrium constants of the various steps.
On the basis of the above data at 25 °C, the following rate equation can therefore be used for the initial rates of oxidation of copper(I),
A least squares fit of all the data to this equation at 25 °C gives k = 7.7 x 10 6 M -1.7 s -1 and K 10 = 41 M -1 . Calculated values of k obs using these parameters are plotted against the observed values in Figure 8 from which it is apparent that the above rate equation provides a reasonable fit to the data.
As described above, the rate of oxidation of copper(I) by the intermediate peroxide is comparable in rate to that of oxidation by dissolved oxygen and the full rate equation (11) should be used. However, given that peroxide is unlikely to accumulate in a real heap leach solution, the second term in the full rate equation has been ignored in the above treatment. Under conditions of constant dissolved oxygen concentration and
, the full rate equation (11) can be written as
The data for a run with 0.25 gL -1 copper(II) in 0.2 M HCl has been fitted to the above rate equation using a modified Euler Predictor method and the result shown in Figure   9 from which it is apparent that peroxide accumulates during the reaction. The best-fit value for k 9 = 500 M -1 s -1 obtained in this case can be compared with published values of 270 M -1 s -1 in 0.2 M HCl (Nicol, 1982) , 260 M -1 s -1 in 2 M HCl (Skinner et al., 1980) and 58 M -1 s -1 in 1M HCl (Kolthoff and Woods, 1966) . Given the relative insensitivity of the fit on the choice of k 9 and the instability of peroxide, the agreement is reasonable.
As outlined in a previous publication (Miki and Nicol, 2008) 
in which iron(II) is oxidised in two parallel reactions, the second of which (reactions (19) plus (20)) is the copper-catalysed reaction. As shown above, reaction (20) is composed of two successive reactions involving peroxide as an intermediate.
Thus, the catalytic effect of copper ions and the retarding effect of ferric ions on the rate can be explained in terms of the effect of these ions on the steady state concentration of copper(I) established through the assumed equilibrium step (Eq. 19).
On the basis of these rate determining steps, one can write
The first term is the published rate expression for reaction (18) (Nicol and Colburn, 1973 ) and the second a simplified version of that derived above in which the effects of peroxide, chloride and acidity have been ignored.
The rate of reaction (19) is rapid relative to reaction (18) or (20) and can be assumed to be in equilibrium (Orth and Liddell, 1990) . 
In the presence of copper ions and low iron(III) concentrations, reactions (18) 
Note that k and K 19 are functions of the acidity and chloride concentration.
Examination of this equation shows that the rate should increase with increasing copper(II) concentration but should become independent of the copper(II)
concentration at high concentrations of copper(II). Data provided in the previous publication (Miki and Nicol, 2008 ) is reproduced in Figure 10 which supports this prediction. 5. 
Conclusions

